Objective: Very little is known about the impact of laryngotracheal stenosis (LTS) on inspiratory airflow and resistance, especially in air hunger states. This study investigates the effect of LTS on airway resistance and volumetric flow across three different inspiratory pressures.
INTRODUCTION
Laryngotracheal stenosis (LTS) is a narrowing of the endolaryngeal/endotracheal airway caused by intubation during surgery or in intensive care units, or for trauma, autoimmune disease, tracheal malignancy, or idiopathic causes. [1] [2] [3] [4] [5] Patients characteristically present with stridor, complaints of dyspnea, and trouble phonating, which lead to significant respiratory morbidity and may progress to acute airway compromise if not properly managed. 1, 6 Diagnostic assessment for LTS include flexible laryngoscopy, bronchoscopy, pulmonary function tests, and computed tomography (CT). 1, 7 Treatment and care for LTS patients cross multiple specialists (e.g., otolaryngologists, thoracic surgeons, and interventional pulmonologists) and involve medical therapy, endoscopic dilation, and airway reconstruction. 3, 6, [8] [9] [10] [11] Although these treatments are often sufficient to relieve symptoms of LTS-induced airway obstruction, the rate of recurrence is significant. 4, [12] [13] [14] [15] [16] [17] There is a lack of consensus regarding preventative treatment and surveillance because interventions for LTS are performed by multiple specialists with variable expertise and understanding of the underlying pathophysiology. 3 Furthermore, the impact of the size and location of stenosis on changes in respiratory airflow and resistance have not been thoroughly investigated. Objective assessment of the magnitude and location of LTS on localized and global laryngeal aerodynamics is important to advance current understanding of the pathophysiology of LTS airway obstruction.
The complexity of LTS airway obstruction, coupled with the variable nature of LTS, can be better understood using contemporary computational tools to aid clinicians in the diagnosis and treatment of this condition. Computational fluid dynamics (CFD) modeling have shown significant promise in analyzing airflow profile and particle transport in the sinonasal cavity, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] as well as characterizing laryngeal flow circulation.
However, CFD techniques have not been fully utilized in evaluating LTS-induced airway obstruction. Thus, the aim of this study is to use CFD modeling to quantify changes in inspiratory airflow pattern and resistance in patients with varying locations and extent of stenosis. Our findings will provide insights regarding the degree to which breathing techniques affect LTS types and how stenosis location and severity influence airway patency.
MATERIALS AND METHODS

Subjects
After approval by the Duke University Health System Institutional Review Board, 10 subjects with LTS seen between January 1, 2006, and April 6, 2016, were identified for this study (Table I) . Inclusion criteria were 1) diagnosis of laryngotracheal stenosis, 2) between 18 and 89 years old, and 3) available CT scan of the larynx and trachea. Additionally, a 28-year-old Caucasian male with a healthy normal respiratory airway was identified to serve as control.
Airway Reconstruction
Radiographic images obtained from the subjects' CT scans were read into imaging analysis software Avizo 8.1.1 (FEI, Burlington, MA) for de-identification and creation of anatomically realistic and subject-specific three-dimensional (3D) models of the laryngeal and tracheal airway. Laryngeal and tracheal airways were segmented during the creation of 3D models. Because most subjects' CT excluded their nasal and oral cavities, we digitally appended the same anatomically realistic 3D nasal and oral cavities onto the laryngeal and tracheal 3D airway models of every subject to facilitate upper-airway simulations to isolate the variability due to LTS. Appended nasal and oral cavities were scaled to size to conform to each subject's laryngeal and tracheal airway model. All stenotic regions were confirmed with flexible laryngoscopy or bronchoscopy in clinic. The stenotic region on the 3D reconstruction was first identified and characterized without the aid of laryngoscopy or bronchoscopy notes, and the regions correlated well with the clinic notes.
Airflow Simulation
3D models were exported from Avizo (FEI) in stereolithography file format into the mesh-generation software package ICEM-CFD 16.1 (ANSYS, Inc., Canonsburg, PA). To solve the discretized governing equations of fluid flow, a hybrid tetrahedral-prism mesh was generated in ICEM-CFD (ANSYS, Inc.) with approximately 6 million graded unstructured tetrahedral elements. A finer three-layer prism element with a 0.15-mm prism thickness for each layer was created at the airway walls. Mesh quality analysis ensured that the aspect ratio for the hybrid mesh was adequately smoothed to prevent distorted elements from affecting the accuracy of our numerical simulations. The choice of mesh density chosen was consistent with a detailed mesh sensitivity analysis reported in Frank-Ito et al., 39 which showed that about 6 million elements will provide meshindependent numerical results at the level of the entire model as well as the stenotic region. Thus, mesh refinement analysis was deemed unnecessary in this study because a graded mesh with about 6 million elements adequately captured all stenotic regions.
The CFD software package Fluent 16.1 (ANSYS, Inc.) was used to carry out steady, incompressible inspiratory airflow simulations in the airway under physiologic pressure-driven conditions that mimic actual inspiration. Inspiratory airflow simulations were performed for two inlet configurations: 1) mouth closed (inspiration through nostrils only), and 2) mouth open (inspiration through nostrils and mouth with open lips). For each inlet configuration, inspiratory airflow simulations were performed at three different inspiratory pressures (10, 25 , and 40 pascals [Pa]). Turbulent airflow simulation was implemented using the shear-stress transport k-x model, with low Reynolds number corrections. 55, 56 The turbulence length scale was set at 1 mm, and turbulent intensity was 5% at the inlet. The k-x model has been reported to accurately predict pressure drop, velocity profiles, and shear stress from transition to turbulent flows. [57] [58] [59] The following boundary conditions were utilized: pressure-outlet boundary condition at the outlet (carina with gauge pressure set to either 210, 225, or 240 Pa). A pressure-inlet condition at the nostrils (and lips, for mouthopen inlet configuration) was set to gauge pressure of zero. The airway walls in the respiratory passage were assumed to be stationary, with zero velocity at the air-wall interface and a noslip shear condition. 
Analysis of Computed Outcomes
To investigate LTS-induced airway obstruction, quantities of interest computed were: 1) volumetric flow rates (L/min), 2) inspiratory airflow streamlines, 3) resistance of airflow (pascal seconds per milliliter [Pa.s]/mL), 4) cross-sectional (local) resistance of airflow at multiple cross sections in the stenotic segment, 5) crosssectional area (cm 2 ) at multiple cross sections along the stenotic segment, 6) length of stenosis (cm), 7) maximal change (size reduction) in airway constriction at stenotic segment, and 8) maximal increase in local resistance in stenotic segment.
To calculate cross-sectional areas along the stenotic segment, 20 or 30 cross-sectional slices were created from the most cranial to the most caudal cross-sectional airspace plane, depending on the length of stenosis. Cross-sectional areas were then calculated at these cross-sectional airspace planes. Resistance was calculated as DP/Q(Pa.s/mL), where DP is pressure drop from nostrils (for mouth-closed simulations) or from nostrils and mouth lips (for mouth-open simulations) to carina, and Q is volumetric flow rate. Local resistance at each cross section along the stenotic segment was calculated as p/q(Pa.s/mL), where p is pressure at each cross section and q is volumetric flow rate passing through that cross section. Note that by conservation of mass, Q5q. Maximal change in airway constriction at the stenotic segment was calculated as j L2S L j%, where S and L are the smallest and largest cross-sectional areas at the stenotic segment, respectively. The length of stenosis in each subject was computed by defining the most cranial and most caudal cross-sectional airspace planes of the stenosis segment in the 3D reconstructed airway. The anatomic locations chosen as the most cranial and most caudal cross-section airspace planes in the 3D models were based on clinic notes detailing the length and area of stenosis from endoscopies. Next, the distance between these two cross-sectional airspace planes was computed to define the length of stenosis (Table I) . Maximal increase in local resistance at the stenotic segment was calculated using the same formula as maximal change in airway constriction; however, in this case S and L are cross sections at the stenotic segment with the lowest and highest local resistance values, respectively.
RESULTS
Normal Versus LTS
Airflow streamline patterns in the respiratory airway for inspiratory pressure of 40 Pa are presented in Figure 1 . Flow in the larynx across all subjects was faster during inspiration with mouth open than with mouth closed. Laryngeal-tracheal flow was mostly swirling in subject 3 (tracheal stenosis) and subject 4 (glottic stenosis) compared to those in the normal subject and subject with subglottic stenosis (subject 10). For mouthclosed models, flow in the normal subject and subject 10 appeared more uniform from nostrils to trachea than for subjects 3 and 4. for the normal subject ranged from 11.79 to 26.15 L/min with mouth closed. In contrast, the minimum-tomaximum mouth-closed flow rates among LTS subjects were 0.25 to 14.75 L/min, with medians of 2.57 to 5.79 L/ min. Furthermore, inspiration with mouth closed resulted in lower flow rates than inspiration with mouth open for all subjects. In general, flow rate in the normal subject was notably greater than that of stenosis subjects, regardless of inspiratory pressure or mouth open versus mouth closed.
Box plots describing differences in airflow resistance in the normal and stenosis subjects are shown in Figure 2 (bottom). Airflow resistance in the normal subject was considerably lower than that of stenosis subjects. Resistance in the normal subject ranged from 0.051 to 0.092 Pa.s/mL with mouth closed across the three inspiratory pressures. The minimum-to-maximum airflow resistance for LTS subjects were 0.097 to 0.416 Pa.s/mL, with a median airflow resistance value of 0.235 to 0.416 Pa.s/mL. For all subjects, airflow resistance increased as inspiratory pressure increased in both mouth-open and mouth-closed scenarios.
Airflow resistance according to subjects' anatomic location of stenosis for 10 Pa inspiratory pressure simulations with mouth open showed that subjects with glottic stenosis collectively had higher resistance, but subglottic stenosis subjects had greater intersubject variability (Fig. 3) . Tracheal stenosis subjects had the lowest intersubject variability. The median (and range) airflow resistances for subjects with glottic, subglottic, and tracheal stenosis were 0.430 (0.448) Pa.s/mL, 0.157 (2.26) Pa.s/mL, and 0.196 (0.157) Pa.s/mL, respectively. 
Quantifications Around Stenosis
The maximum length of stenosis among LTS subjects was 3.74 cm; minimum 5 0.63 cm (Table I) . Table I also lists the maximal size reduction in stenotic segment between the largest and smallest cross-sectional areas for each subject. Subject 7 had the largest maximal airway constriction (size reduction) at the stenotic segment, with a 96% change in airway size between the largest and smallest cross-sectional areas along the stenotic segment. Subject 10 had the smallest maximal airway constriction, with a 45% change in airway size. Subjects with glottic stenosis had the greatest maximal airway constriction at the stenotic segment (88%-96% change), whereas tracheal stenosis subjects had the least maximal airway constriction (46%-54%). Box plots depicting the cross-sectional airway size along the stenotic segment at the most cranial cross-sectional airspace plane (above), minimum cross-sectional area (min), and most caudal cross-sectional airspace plane (below) are presented in Figure 4 . In general, the airway is larger at the most cranial cross-sectional plane of the stenosis segment than at the most caudal cross-sectional airspace plane. Figure 5 shows local airflow resistance along the stenotic segment at the most cranial cross section, the minimum cross section, and the most caudal cross section during different inspiratory pressures with mouth closed. As expected, airflow resistance was lowest at the most cranial cross section; resistance was elevated at both the minimum cross section and the most caudal cross section. Furthermore, the maximal increase in airflow resistance along the stenotic segment at 10-Pa inspiratory pressure between the lowest and highest airflow resistance cross-sectional planes is listed in Table I . Glottic stenosis subjects had the greatest maximal increase in local resistance along the stenotic segment, with maximal increase in local resistance of 184% to 945% and 584% to 3,272% for mouth-closed and mouthopen scenarios, respectively (Table I) . Maximal increase in local resistance along the stenotic segment for subglottic stenosis subjects ranged from 4% to 43% (mouth closed) and from 16% to 79% (mouth open). For tracheal stenosis subjects, the maximal increase was 1% to 24% (mouth closed) and 1% to 51% (mouth open).
Box plots describing local airflow resistance (at 10 Pa inspiratory pressure with mouth closed) along the stenotic segment grouped by subjects' anatomic location of stenosis are presented in Figure 6 . Local resistance at the most cranial cross section was lowest, with marginal intersubject variability among glottic stenosis subjects. However, at the minimum cross-sectional area plane and the most caudal cross section, local resistance was lowest, with relatively small intersubject variability among tracheal stenosis subjects.
In Figure 7 , we present plots describing changes in each subject's cross-sectional areas and local resistance values from the most cranial to the most caudal cross section along the stenotic segment. As expected, the changes in cross-sectional areas along the stenotic segment for the majority of the subjects had a parabola-like shape, except for subjects 5 (glottic stenosis) and 6 (subglottic stenosis). The rate of change in local resistance at different cross sections along the stenotic segment for most subjects increased considerably before reaching a peak around the vicinity of the minimum cross-sectional airspace area. Once resistance peaked somewhere within the vicinity of the minimum cross-sectional area, it remained elevated for most subjects until the most caudal cross section of the stenotic segment. However, local resistance plots along the stenotic segment for subjects 2 and 3, both with tracheal stenosis, were noticeably different from other subjects. Unlike other subjects, resistance values in these two subjects were not lowest at the most cranial cross-sectional airspace plane of the stenotic segment. 
DISCUSSION
Airway stenosis most frequently occurs in the larynx or the proximal trachea, and diagnosis as well as location of stenosis can be determined by flexible laryngoscope. 8 All subjects in the current study had only one location of stenosis, with a breakdown of 30% subglottic stenosis, 30% glottis stenosis, and 40% tracheal stenosis (Table I ). McCaffrey 60 reported that subglottic stenosis accounted for about 46% of all cases of LTS, followed by both subglottic and glottic stenosis (19%) and both subglottic and tracheal stenosis (18%). Gadkaree et al. 1 reported a population of 62% subglottic stenosis, 29% tracheal stenosis, and 9% multilevel stenosis. Although both studies reported that subglottic stenosis is the most common, occurrence of the other types of stenosis and the numerical breakdown varies. The difference between these two studies and this pilot study may be due to our small sample size, which may not be representative of the population of LTS patients seen at Duke. Furthermore, because 90% of LTS patients have only one location of stenosis, 1 our study did not include any subjects with multilevel stenosis. Isolating single lesions in different anatomic locations also allows a better understanding of airflow and airway resistance due to each lesion and further enables preliminary comparisons between the different subtypes of LTS. Our study population was consistent with Gadkaree et al. 1 with regard to length of stenosis. The mean length of stenosis in this pilot study was 2.1 cm (range 0.6-3.8 cm); Gadkaree et al. 1 reported a mean ( 6 standard deviation) length of stenosis of 1.9 6 1.2 cm. This suggests that, although the breakdown for location of stenosis differs slightly among these studies, the inherent length of the stenosis remained consistent.
As expected, flow rate and resistance increased as inspiratory pressure increased for both mouth-open and mouth-closed trials; however, the maximum increase in airflow among LTS subjects during inspiration with mouth open was still lower than the normal subject with mouth closed for a given inspiratory pressure (Fig. 2) . This implies that although inspiration with mouth open may slightly increase airflow in LTS, it is not sufficient to restore airflow rate to normative levels.
Notice that increasing the inspiratory pressure from 10 to 25 Pa with mouth open produces a maximum airflow rate among the LTS subjects that is higher than airflow rate of the normal subject at 10 Pa with mouth closed. However, corresponding increase in inspiratory pressure from 25 to 40 Pa for LTS subjects with mouth open does not yield higher flow rate than that of the normal subject at 25 Pa with mouth closed. Furthermore, median airflow rate in LTS subjects at 40 Pa with mouth open is considerably lower than airflow rate in the normal subject at 10 Pa with mouth closed (Fig. 2) .
When differentiated by anatomic location of stenosis (glottic, subglottic, and tracheal), subjects with glottic stenosis overall had the largest maximal airway size reduction at the stenotic segment (88%-96%), as well as the largest maximal increase in local resistance along the stenotic segment. In contrast, subject 8 with subglottic stenosis had a maximal airway size reduction of 91%, but this subject's maximal increase in local resistance was at least tenfold lower than those of glottic stenosis subjects (Table I) . Figure 6 provides further evidence of this finding. Whereas local resistance increases from the most cranial to the most caudal cross sections regardless of location of stenosis, the magnitude of increase among glottic stenosis subjects was more prominent compared to subjects with subglottic and tracheal stenosis. In addition, two of four tracheal stenosis subjects (subjects 2 and 3) did not have the lowest resistance at the most cranial cross-sectional airspace plane (Fig. 7) . The relative airway dimensions of the glottis compared to the subglottis and trachea, combined with the additive effects of vocal fold adduction due to the Bernoulli effect, may relate to the increased resistance in our glottic compared to subglottic and trachea stenosis. This suggests that subglottic, glottic, and tracheal stenosis differ not only in terms of the anatomy of the stenosis but also in terms of airflow dynamics. Specifically, glottic and subglottic stenosis may affect resistance considerably more than more distal tracheal stenosis.
These results provide considerable insight into airflow and resistance in LTS subjects; however, there is a caveat in interpreting this study due to our small sample size. Only 10 LTS subjects were modeled in this study due to the intensive computational input required for each subject. This means that the results are inherently nonparametric, evidenced by the large range in resistance for the three subglottic stenosis subjects. Therefore, all results were reported using the minimums, maximums, and medians in the text. All figures show the minimums, maximums, medians, and interquartile ranges; thus, skew would not significantly impact the interpretation and presentation of the data. However, whereas our preliminary findings need to be corroborated in larger studies and in multilevel stenosis, there are several potential clinical implications: Understanding of the resistance and airflow patterns in laryngotracheal stenosis allows analysis of how aerosolized drugs of various particle sizes concentrate and deposit at stenotic regions. Thus, this may better facilitate delivery of aerosolized steroids or other anti-inflammatory agents to areas of stenosis as possible treatment strategies. For example, CFD techniques have been useful in assessing topical drug delivery and deposition in the sinonasal cavity. 61, 62 In addition, CFD modeling could potentially be used to assess various surgical treatments and their impact on airflow and airway resistance to aid treatment planning and assist patient counseling preoperatively. The ability to assess the impact of surgical treatments on airflow and airway resistance could be particularly useful in multilevel stenosis.
Further studies could also explore whether patients with LTS have changes in their nasal and oral cavities that would impact downstream airflow and airway resistance. For example, Wegener's granulomatosis patients may simultaneously have both nasal pathology and subglottic stenosis. 63 However, because the most common cause of LTS is traumatic intubations, it is unlikely that, outside of specific situations such as Wegener's granulomatosis, there will consistently be associated upstream geometry in the entire population that would affect downstream airflow and airway resistance. Although our study did not address the impact of pulmonary function on airway mechanics in the setting of LTS, increased intrathoracic pressure during exhalation could potentially compress the upper airway with additional impact on airway resistance and airflow. Generating greater negative intrathoracic pressure during inhalation to overcome the upper airway airflow reduction could bring additive effects on upper airway resistance at the glottic level due to the Bernoulli effect. In addition, it is not clear how pulmonary disease may affect airflow mechanics in patients with LTS. However, because respiratory function for patients with chronic obstructive pulmonary disease, asthma, and pulmonary fibrosis can be characterized by flow volume loops reflecting intrathoracic pathology, the addition of extrathoracic resistance for patients with LTS can also affect inspiratory and expiratory function in patients with shortness of breath.
2 Therefore, comprehensive management and monitoring of patients with LTS need to include an assessment of both pulmonary and vocal cord function. 64 In conclusion, this study investigated the effect of LTS on airflow dynamics using CFD techniques. Simulated flow results from a normal subject and 10 LTS subjects were analyzed to characterize the changes in flow rate, airflow resistance, and streamlines of velocity. Our preliminary results show that 1) airflow is so reduced in LTS that increased inspiratory pressure resulted in more airflow at the expense of greater increase in resistance; 2) glottic stenosis may impact resistance more than subglottic or tracheal stenosis; and 3) resistance remains markedly elevated distal to the stenosis. To the best of the authors' knowledge, this is the first study to use CFD techniques to quantify these changes in multiple LTS subjects with varying locations of stenosis. Future directions include quantifying aerosolized drug delivery and determining the effect of surgery and endoscopic treatments.
